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19.  Abstract 


extended  x-ray  absorption  fine  structure  (reflEXAFS)  measurements.  Finally,  characterization 
of  Al-Ta  and  Al-W  powders  indicate  that  some  solute  precipitates,  but  most  remains  in  solid 
solution.  Although  such  precipitation  degrades  passivity  in  cosputter -deposited  alloys, 
the  alloys  still  exhibit  superior  passivity  compared  to  conventional  materials.  Character¬ 
ization  of  the  corrosion  behatflor  of  bulk  material  formed  from  these  powders  is  ongoing. 
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EXECUTIVE  SUMMARY 


Whereas  supersaturated  aluminum  alloys  demonstrate  enhanced  passivity,  conventional  alu¬ 
minum  alloys  spontaneously  pit  in  air-saturated  chloride  solutions.  Under  ONR  program 
N00014-85-C-0638,  we  have  investigated  the  mechanisms  involved  in  several  of  these  alloys. 
In  the  1990  contract  year,  we  have  concentrated  on  three  areas:  evaluation  and  character¬ 
ization  of  Al-W  alloys,  which  exhibit  the  best  corrosion  performance  of  any  alloy  system 
studied  to  date;  characterization  of  the  passive-film  structure  of  Al-Mo  alloys;  and  produc¬ 
tion  and  characterization  of  Al-W  and  Al-Ta  powders,  which  will  be  used  for  compaction 
into  bulk  material.  Surface  analysis  of  the  Al-W  passive  films  formed  during  polarization 
show  surprising  little  oxidized  solute  compared  to  other  alloys.  These  results  indicate  that 
the  barrier-layer  formation  and  electrostatic  repulsion  mechanisms  used  to  explain  the  pas¬ 
sivity  of  other  alloys  are  not  involved  here.  Instead  the  W  may  act  to  stabilize  the  passive 
film  structure  in  a  way  similar  to  the  way  Mo  acts  in  Al-Mo  alloys.  That  is,  the  oxidized 
molybdenum  reduces  the  concentration  of  unstable  tetrahedrally  coordinated  atomic  sites, 
as  suggested  by  reflection  extended-x-ray-absorption  fine  structure  (reflEXAFS)  measure¬ 
ments.  Finally,  characterization  of  Al-Ta  and  Al-W  powders  indicate  that  some  solute 
precipitates,  but  most  remains  in  solid  solution.  Although  such  precipitation  degrades  pas¬ 
sivity  in  cosputter-deposited  alloys,  the  alloys  still  exhibit  superior  passivity  compared  to 
conventional  materials.  Characterization  of  the  corrosion  behavior  of  bulk  material  formed 
from  these  powders  is  ongoing. 


1 


1.  INTRODUCTION 


Aluminum  and  conventional  aluminum  alloys  are  susceptible  to  localized  attack  in 
chloride-containing  environments.  Although  passivity-promoting  alloying  species, 
such  as  Cr  and  Mo,  are  commonly  added  to  iron  to  form  corrosion-resistant  stain¬ 
less  steels,  this  approach  has  traditionally  not  been  applied  to  aluminum  because  of 
the  very  low  solubilities  of  these  alloying  additions.  As  a  result,  the  additions  form 
precipitates  that  can  act  as  nucleation  sites  for  pitting.  Recently,  enhanced  passiv¬ 
ity  has  been  observed  in  non-equilibrium,  supersaturated  aluminum  alloys  formed  by 
sputter  deposition, [1-8]  ion  implantation, [9, 10]  melt  spinning, [11]  or  physical  vapor 
deposition. [12]  For  cosputter-deposited  alloys  containing  6-8  at.%  Mo,  Cr,  Ta,  or  W, 
pitting  potentials,  Ep,  range  from  -200  mV(SCE)  to  860  mV(SCE)  in  0.1  N  KC1, 
compared  with  a  pitting  potential  for  pure  aluminum  and  its  conventional  alloys  of 
~  -690  mV(SCE)  (Fig.  1.1).  Similar  qualitative  improvements  can  also  be  seen  in 
salt  fog  tests. 

During  the  1990  contract  year,  research  on  the  passivity  of  supersaturated  alu¬ 
minum  alloys  proceeded  on  three  fronts:  continued  investigation  of  Al-W  alloys,  pro¬ 
duction  of  Al-W  and  Al-Ta  powders  for  consolidation  into  bulk  material,  and  evalu¬ 
ation  of  the  structure  of  Al-Mo  passive  films.  Al-W  alloys  give  the  best  performance 
of  any  alloy  system  investigated,  with  Ep’s  as  high  as  1937  mV(SCE)  for  high  concen¬ 
tration  (~9at.%)  alloys.  Using  x-ray  photoelectron  spectroscopy  (XPS)  to  determine 
the  mechanisms  behind  this  enhanced  passivity,  we  have  studied  the  passive  film 
formed  at  different  anodic  potentials.  Although  thin  films  are  ideal  for  studying  the 


Figure  1.1:  Polarization  curves  for  elemental  Al  and  several  supersaturated  A1  alloys 
in  aerated  0.1  N  KC1.  Data  for  Al,  Al-Zr,  Al-Cr,  Al-Ta,  Al-Mo,  and  A1-1.5%W  repre¬ 
sent  average  or  typical  results  of  several  specimens;  data  for  the  higher  concentration 
Al-W  alloys  represent  results  of  good,  single  specimens. 
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mechanisms  of  passivity  and  may  be  useful  in  microelectronics,  bulk-supersaturated 
material  is  needed  for  most  applications.  We  have  chosen  dynamic  compaction  as  the 
means  to  produce  such  bulk  material  and  report  on  the  production  and  characteri¬ 
zation  of  the  supersaturated  powders.  Finally,  both  the  composition  and  structure 
of  the  passive  film  are  likely  to  govern  a  material’s  passivity.  For  instance,  a-A^Oa, 
which  contains  only  octahedral  sites  is  very  stable,  whereas  7-AI2O3,  which  contains 
both  octahedral  and  tetrahedral  sites,  is  reactive.[13-15]  Accordingly,  we  have  ana¬ 
lyzed  reflection  extended  x-ray  absorption  fine  structure  spectroscopy  (reflEXAFS) 
results  reported  earlier[16]  on  Al-Mo  alloys  to  determine  the  local  structure  of  their 


2.  EXPERIMENTAL  PROCEDURE 


2.1  Al-W  (Co)sputter-Deposited  Alloys 

Nine  one-micron-thick  alloy  films  were  produced  by  RF  magnetron  sputter  depo¬ 
sition  (identical  targets)  or  cosputter  deposition  (one  target  A1  -  the  other  W)  onto 
Si  single- crystal  wafers  2-in.  (5.08  cm)  in  diameter.  The  cosputter  deposition  process 
has  been  described  elsewhere.[l-3,5,6]  Briefly,  this  process  involves  the  use  of  two 
different  target  materials  with  the  solute  sputtered  at  a  lower  power  level,  typically 
between  15  and  40  watts,  and  the  A1  sputtered  at  a  higher  power  of  approximately  360 
watts.  Cosputter  deposition  produces  a  gradient  in  solute  concentration  across  the 
wafers  with  low  solute  concentrations  on  one  side  of  the  wafer  (the  side  closest  to  the 
A1  target)  and  higher  concentrations  on  the  other  side  (the  side  closest  to  the  solute 
target).  Cosputter  deposition  allows  a  range  of  compositions,  typically  several  atomic 
percent  difference  across  the  water,  to  be  evaluated  without  having  to  produce  numer¬ 
ous  individual  wafers.  Additionally,  cosputter  deposition  reduces  both  the  number 
and  the  cost  of  the  targets  needed.  Low  W  concentration  alloys  were  sputtered  to  a 
thickness  of  2  microns  using  two  identical  alloyed  targets  (A1-1%W)  with  both  of  the 
sputtering  guns  set  at  a  power  level  of  400  watts.  This  process  provides  uniformity 
of  alloy  composition  over  the  surface  of  the  wafer.  The  Si  substrates  were  kept  at 
77  K  for  both  deposition  processes.  Although  Frankel[4]  has  shown  that  the  substrate 
need  not  to  be  cooled  in  order  to  exceed  the  solubility  limit  for  transition  metals  in 
A1  by  a  factor  of  2  to  3  orders  of  magnitude,  we  have  continued  to  deposit  our  alloys 
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onto  cooled  substrates  in  order  to  maintain  consistency  with  our  earlier  work.  So¬ 
lute  concentrations  for  all  of  the  alloys  were  determined  by  inductive  coupled  plasma 
(ICP).  After  deposition,  the  wafers  were  cleaved  into  16  smaller  specimens  for  further 
evaluation. 

Specimen  concentration  was  determined  by  ICP  on  wafer  sections  in  the  same 
column  of  the  cosputter-deposited  alloys  (i.e.,  the  line  of  specimens  equidistant  from 
the  two  sputter  targets)  as  the  tested  specimen.  This  minimized  the  effect  of  the 
composition  gradient  across  the  wafer  (from  column  to  column)  due  to  varying  dis¬ 
tances  from  the  two  targets.  Initial  evaluations  of  the  composition  gradient  across 
the  Al-W  alloys  seemed  to  indicate  an  irregular  and  wide  composition  variation. [17] 
However,  analysis,  performed  on  each  of  the  16  specimens  cleaved  from  one  of  the 
wafers,  revealed  that  the  W  concentration  increased  from  one  side  of  the  wafer  to  the 
other  in  a  relatively  linear  fashion.  Further  investigation  indicated  that  composition 
values  obtained  from  the  corner  segments  (with  approximately  one  half  the  area  of  the 
remaining  segments)  were  questionable,  possibly  due  to  insufficient  material.  Con¬ 
sequently,  all  data  reported  are  from  specimens  whose  composition  was  determined 
from  non-corner  segments.  The  W  concentrations  across  the  wafers  ranged  from  a 
low  of  ~3%  to  a  high  of  ~11%.  Because  the  targets  used  with  the  sputter-deposited 
A1-1.5W  alloys  were  identical,  no  composition  gradient  was  observed;  consequently, 
ICP  values  were  valid  across  the  entire  wafer.  The  W  concentrations  for  these  alloys 
ranged  from  1.52  to  1.64%  on  one  wafer  and  1.32  to  1.58%  on  the  other  wafer. 

Alloy  composition  values  were  also  nondestructively  determined  from  the  XPS 
signal  from  the  substrate  (based  on  the  ratio  of  the  alloyed  W  and  metallic  A1 
concentrations).^]  These  values  tended  to  be  larger  than  those  obtained  from  ICP, 
especially  for  the  lower  concentration  alloys.  This  difference  appears  to  be  real  and 
is  likely  a  result  of  some  W  remaining  in  the  alloyed  state  (instead  of  dealloying  and 
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forming  elemental  W  -  see  below)  during  the  preferential  oxidation  of  Al.  As  a  result, 
the  solute  concentration  near  the  oxide/metal  interface  may  be  greater  than  that  in 
the  bulk. 

Glancing  angle  x-ray  diffraction  (GXRD),[18|  with  a  constant  angle  of  10  degrees 
between  the  incident  x-ray  beam  and  the  film  surface,  was  used  to  check  each  of 
the  alloys  for  precipitate  formation  shortly  after  production  and  again  after  long¬ 
term  storage.  The  experiments  were  performed  on  a  Scintag  diffractometer  using  a 
monochromatic  Cu  Ka  x-ray  source.  The  glancing  angle  was  chosen  to  both  optimize 
the  signal  from  the  metal  film  and  prevent  diffraction  from  the  Si  single-crystal. 

Several  A1-1.5%W  and  A1-5%W  specimens  were  vacuum  encapsulated  and  heat 
treated  at  400°C  for  either  1  or  24  hours  to  encourage  precipitate  formation.  The 
thermal  stability  of  the  alloys  is  of  interest  because  the  production  of  bulk  metals,  one 
of  the  goals  of  this  program,  may  require  exposure  to  elevated  temperatures  for  short 
periods  of  time.  Following  heat  treatment,  GXRD  was  used  to  check  for  precipitate 
formation  and  the  localized  corrosion  resistance  of  these  specimens  was  evaluated 
using  anodic  potentiodynamic  polarization. 

Specimens  were  masked  with  Microstop  or  a  marine  epoxy  paint  before  immersion 
in  aerated  0.1  M  KC1  at  ambient  room  temperature  (22  to  27°C)  and  a  pH  of  7.  After 
the  open  circuit  potential  reached  steady  state  (typically  within  an  hour),  the  spec¬ 
imens  were  polarized  at  a  scan  rate  of  0.2  mV/s  with  a  Princeton  Applied  Research 
(PAR)  Model  273  potentiostat.  A  limited  number  of  experiments  were  also  run  at 
rates  of  0.08  and  0.05  mV/s  to  confirm  that  the  scan  rate  was  not  affecting  Ep.  All 
of  the  electrochemical  experiments  were  conducted  on  at  least  duplicate  specimens. 

The  passive-film  chemistry  was  measured  by  XPS  in  an  iterative  procedure  on  du¬ 
plicate  specimens  of  each  alloy.  The  as-deposited  films  were  examined  first,  followed 
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by  the  same  specimens  after  they  had  reached  Eoc.  Finally,  after  again  coming  to  a 
steady-state  potential,  the  specimens  were  polarized  to  a  given  potential  (500,  800, 
and  1100  mV  above  Eoc),  examined  by  XPS,  repolarized  to  a  higher  potential,  and 
again  examined  by  XPS.  This  procedure  continued  until  Ep  was  reached.  Compo¬ 
sitions  measured  for  the  Ep  specimens  are  indicative  of  the  passive  film  rather  than 
the  pit  itself;  the  pit’s?  small  size  prevented  its  composition  from  being  measured. 
For  the  A1-6W  alloy,  the  same  specimens  were  used  during  the  entire  procedure;  for 
the  A1-1.5W  alloy,  different  specimens  were  used  for  the  as- received  and  Eoc  runs 
and  for  the  overpotential  runs.  The  use  of  the  same  specimens  for  the  A1-6W  alloys 
prevented  the  compositional  gradient  across  the  wafer  from  complicating  the  analysis 
of  the  evolution  of  the  passive- film  chemistry.  The  A1-1.5W  alloys,  prepared  from 
binary  targets,  were  much  more  uniform  so  that  compositional  variations  were  not  a 
factor. 

Once  the  set  overpotential  or  Ep  was  reached,  the  specimens  were  removed  from 
the  electrolyte,  rinsed  in  high-purity  water,  dried  with  dry  nitrogen,  cleaned  of  their 
masking  coating,  and  inserted  into  the  introduction  chamber  of  the  XPS  spectrome¬ 
ter.  The  entire  preparation  and  transportation  procedure  took  less  than  6  minutes. 
Previous  evaluations  of  this  transfer  procedure  indicated  no  detectable  changes  in 
the  passive  film  composition. [2, 19]  Although  the  exposure  to  the  ultrahigh  vacuum 
(UHV)  will  cause  any  adsorbed  water  to  leave  the  surface,  it  will  not  dehydrate  any 
hydroxides  present. 

XPS  measurements  were  made  using  a  Surface  Science  Instruments  SSX  100-3 
spectrometer  having  a  monochromatized  A1  Ka  x-ray  source  and  a  hemispherical 
electron  energy  analyzer  with  multichannel  detection.  The  x-ray  source  was  focussed 
to  a  spot  size  of  600  /i m;  the  take-off  angle  of  the  photoelectrons  was  52°  relative  to  the 
surface  normal.  The  surface  charge  was  neutralized  by  bombardment  with  low-energy 
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electrons  (~2  eV).  Binding  energies  were  normalized  to  adventitious  hydrocarbon  at 
284.8  eV. 


Survey  spectra  were  taken  to  assure  no  unexpected  contamination;  high-resolution 
spectra  of  the  0  Is,  C  Is,  A1  2p,  and  W  4f  photoelectron  peaks  were  used  for  quanti¬ 
tative  analysis  and  chemical  state  determination.  Relative  concentrations  were  deter¬ 
mined  based  on  peak  areas,  using  an  integral  background  approximation  and  sensitiv¬ 
ity  factors  derived  from  standards  with  our  spectrometer.  Chemical  state  separation 
was  obtained  by  curve  fitting  the  data  using  the  manufacturer’s  software.  To  curve  fit 
the  W  4f  lineshape,  the  two  spin-orbit-split  components  were  constrained  by  an  en¬ 
ergy  separation  of  2.1  eV  and  an  area  ratio  of  1.33.  The  criteria  for  evaluating  the  fits 
have  been  previously  published. [3]  Chemical  state  assignments  were  made  using  the 
National  Institute  of  Standards  and  Technology  (NIST)  database, [20]  supplemented 
with  other  sources.[21-27] 


2.2  Al-Mo  Cosputter-Deposited  Alloys 

A  few  days  before  the  reflEXAFS  measurements,  the  Al-Mo  specimens  were  im¬ 
mersed  in  deaerated  0.1  M  KC1  (pH  7)  and  allowed  to  come  to  steady  state.  They  were 
then  polarized  anodically  to  -400  mV  (SCE).  After  rinsing  in  distilled,  deionized  wa¬ 
ter  and  drying,  the  specimens  were  placed  in  a  dessicator  until  the  experiments  were 
performed.  A  witness  specimen  for  each  composition  was  prepared  in  an  identical 
manner  and  examined  by  XPS;  the  actual  reflEXAFS  specimens  were  also  examined 
by  XPS  following  the  experiments.  For  each  alloy  (7%  and  11%  Mo),  the  composition 
and  passive  film  thickness  were  unchanged,  indicating  that  the  storage,  transport,  and 
reflEXAFS  measurements  did  not  noticeably  affect  the  specimens. 
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For  comparison,  two  sputter-deposited  pure  A1  specimens  were  anodized  in  0.2  M 
tartaric  acid  neutralized  by  NaOH  to  pH  7.  The  anodization  was  performed  at  a 
constant  7  V  for  1200  s  to  produce  a  barrier- layer  oxide  of  ~  10  nm.  The  same  storage, 
transport,  and  XPS/reflEXAFS  measurement  procedures  that  were  described  above 
were  followed  on  these  specimens  also. 

The  reflEXAFS  measurements  were  performed  at  the  National  Synchrotron  Light 
Source  at  Brookhaven  National  Laboratory  on  the  U15  (SUNY/NSLS)  beamline 
which  is  equipped  with  a  toroidal  grating  monochromator.  A  gold  mirror  was  used 
to  direct  the  monochromated  beam  toward  the  experimental  station.  The  soft  x-rays 
entering  the  sample  area  impinge  first  on  a  gold  grid  coated  with  an  x-ray- to- visible- 
light  conversion  phosphor.  [28]  The  light  from  this  grid  serves  as  the  beam  monitor 
(To)  measurement.  The  rest  of  the  beam  impinges  at  grazing  (0.5°  <  <j>  <  3.5°)  in¬ 
cidence  on  the  sample,  where  <j)  is  the  reflection  angle  relative  to  the  surface  plane. 
The  reflected  beam  is  measured  using  another  phosphor- coated  screen.  The  details 
of  the  reflEXAFS  analysis  are  given  elsewhere. [16, 29] 
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3.  RESULTS  AND  DISCUSSION 


3.1  Sputter-Deposited  Al-W  Alloys 


The  alloys  were  characterized  using  GXRD  shortly  after  deposition  and  as  a  func¬ 
tion  of  time  over  several  months  to  determine  their  metallurgical  stability.  With 
the  exception  of  several  of  the  higher  concentration  Al-W  alloys,  GXRD  of  all  of 
the  cosputter-deposited  alloys  revealed  a  highly  oriented  microstructure  with  only 
the  {111},  and  to  a  far  lesser  extent  the  {311},  planes  diffracting  the  beam.  For 
each  specimen,  the  A1  diffraction  peak  was  shifted  to  higher  angles,  indicating  that 
smaller  W  atoms  had  substitutionally  replaced  A1  in  the  face-centered-cubic  lattice, 
thereby  decreasing  the  lattice  parameter.  Glancing  angle  x-ray  diffraction  of  the 
sputter-deposited  low  W  concentration  alloys  (film  produced  from  the  binary  tar¬ 
gets)  revealed  a  more  isotropic  microstructure  with  the  {111},  {200},  {220},  and 
{311}  planes  diffracting  the  beam.  A  comparison  of  the  GXRD  patterns  for  pure 
sputter-deposited  Al,  a  cosputter-deposited  A1-7%W  alloy  and  a  sputter-deposited 
A1-1.5%W  alloy  is  presented  in  Figure  3.1.  No  evidence  of  intermetallic  phase  for¬ 
mation  was  found  in  any  of  the  as-sputtered  films.  Precipitates  were  observed  for 
both  the  cosputter-deposited  alloys  heat  treated  for  1  hour  at  400°C  and  the  sputter- 
deposited  alloys  heat  treated  for  either  1  or  24  hours  at  400°C.  The  GXRD  patterns 
for  these  heat  treated  specimens  are  presented  in  Figure  3.2.  In  all  cases  the  precipi¬ 
tates  were  identified  as  WA112. 
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DIFFRACTION  ANGLE,  29  (degrees) 

L91 1-8475-2 


Figure  3.1:  Glancing  angle  x-ray  diffraction  patterns  for  sputter-deposited  A1  (2-mi- 
cron  thick),  cosputter-deposited  A1-7%W  (1-micron  thick)  and  sputter-deposited 
A1-1.5%W  (2-micron  thick)  alloys.  A  glancing  angle  of  10°  was  used  for  these  mea¬ 
surements  and  those  of  Figure  3.2. 
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AI*5%W 

(Specimen  AW47SHT) 
Heat  treated  1  hr.  at  400°C 
in  vacuum 


DIFFRACTION  ANGLE,  20  (degrees) 


70  80 

L91 1-8475-3 


Figure  3.2:  Glancing  angle  x-ray  diffraction  patterns  for  a  sputter-deposited  A1-5%W 
alloy  heat  treated  at  400°C  for  1  hour  and  sputter-deposited  A1-1.5%W  alloys  heat 
treated  at  400°C  for  either  1  or  24  hours. 
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Glancing  angle  x-ray  diffraction  of  the  specimens  removed  from  the  far  right-hand 
side  of  each  wafer  (highest  W  concentrations  showed  no  reflections,  which  suggests 
that  these  alloys  were  amorphous.  Figure  3.3  shows  the  selected  area  electron  diffrac¬ 
tion  pattern  for  one  of  these  specimens  and  the  pattern  obtained  from  a  specimen 
taken  from  the  middle  of  a  wafer,  which  confirms  that  the  specimens  from  the  far 
right-hand  side  of  the  wafer  are  amorphous.  Similar  results  have  been  observed  for 
high  concentrations  of  other  transition  metals  in  aluminum. [30]  Although  the  amor¬ 
phous  specimens  all  had  moderate  to  high  W  concentrations,  no  concentration  above 
which  all  specimens  were  amorphous  and  below  which  all  were  crystalline  was  ob¬ 
served.  For  our  specimens  amorphousness  may  be  related  to  both  concentration  and 
an  increase  in  the  localized  cooling  rate  in  this  area  of  the  wafer. 

Potentiodynamic  polarization  scans  in  aerated  0.1  M  KC1  were  generated  on  25 
specimens  taken  from  various  regions  of  the  cosputter-deposited  Al-W  alloys  and  on 
several  specimens  of  the  low-concentration  sputter-deposited  alloys.  Tungsten  con¬ 
centrations  for  these  specimens  varied  from  ~1  -  ~9%.  The  passive  current  densities 
were  found  to  be  independent  of  potential  within  the  passive  region  and  similar  in 
value  (1-2  /xA/cm2)  to  those  that  we  observed  for  pure  A1  in  deaerated  0.1  M  KC1. 
Specimens  with  the  lowest  average  solute  concentrations  exhibited  the  lowest  break¬ 
down  potentials  and  specimens  with  the  highest  solute  concentrations  exhibited  Ep 
values  in  excess  of  1900  mV  (Fig.  3.4).  The  continued  sharp  increase  in  Ep  with  solute 
concentration  is  very  different  from  that  of  the  Al-Mo,  Al-Cr,  and  Al-Ta  alloys  where 
higher  concentration  alloys  exhibit  only  small  increases  in  Ep  compared  to  those  of 
moderate-concentration  alloys.  The  Ep  values  obtained  were  independent  of  scan  rate 
within  the  range  of  scan  rates  evaluated  (0.2  mV/s  to  0.05  mV/s).  It  was  interesting 
to  note  that  Ep  values  for  the  totally  amorphous  alloys  (598  mV  and  531  mV)  did  not 
differ  from  those  of  crystalline  alloys  with  similar  compositions.  In  Fig.  3.5  one  of  the 
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^  Amorphous 

Figure  3.3:  Selected  area  electron  diffraction  patterns  for  Al-W  specimens  taken  from 
^  the  right-hand  side  and  the  center  of  a  cosputter-deposited  wafer.  The  alloy  was 

deposited  onto  a  substrate  at  77  K  using  an  A1  target  power  setting  of  360  watts  and 
a  W  target  power  setting  of  40  watts. 
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Figure  3.4:  Pitting  potentials  as  a  function  of  Al-W  alloy  concentration.  Individual 

specimens  whose  crystallinity  (or  lack  thereof)  is  known  are  indicated.  The  majority  • 

of  the  specimens  that  were  not  examined  by  GXRD  are  assumed  crystalline,  but  all 

of  these  are  marked  unknown. 
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highest  breakdown  potentials  observed  (~  9%  W)  and  an  intermediate  value  of  the 
breakdown  potential  (~  5%  W)  can  be  compared  to  our  earlier  results  for  Al-8%Mo 
alloys.  The  polarizatkm  behavior  of  pure  W,  also  shown  in  this  figure,  exhibits  a  high 
passive  current  density  (on  the  order  of  100  fiA/cm2)  indicating  that  W  additions 
enhance  the  passivity  in  a  potential  region  in  which  the  pure  form  does  not  exhibit  a 
very  protective  oxide. 

Anodic  potentiodynamic  polarization  scans  were  generated  on  alloys  heat  treated 
at  400°C  to  determine  the  effect  of  precipitates  on  localized  corrosion  resistance. 
Results  of  these  experiments  on  the  cosputter-deposited,  higher  W  concentration 
specimens  heat  treated  for  1  hour  are  presented  in  Figure  3.6.  While  precipitates 
clearly  degrade  the  localized  corrosion  resistance  of  the  Al-W  alloys,  the  performance 
of  these  specimens  is  still  equivalent  to  that  of  the  nonheat-treated  Al-8-10%Mo 
alloys.  Heat  treatment  of  the  lower  W-concentration  alloys  (1.5%)  also  resulted  in 
the  formation  of  precipitates.  Figure  3.7  reveals  that  although  these  precipitates 
degrade  performance,  a  small  passive  region,  200  to  300  mV,  still  remains.  Of  all  the 
alloys  evaluated  to  date,  only  the  Al-W  and  the  Al-Ta  exhibited  enhanced  corrosion 
resistance  after  heat  treatment  and  the  resulting  nucleation  of  an  intermetallic  phase. 
One  possible  explanation  is  that  the  potential  difference  between  the  intermetallic 
phase  and  the  matrix  for  these  alloys  does  not  promote  the  formulation  of  local 
galvanic  cells.  However,  the  potential  differences  between  the  intermetallic  and  the 
matrix  is  not  known. 

Table  3.1  gives  the  Eoc  and  final  potentials  for  each  experimental  run.  As  has 
been  previously  observed  for  A1  and  Al-Mo,  Al-Cr,  Al-Zr,  and  Al-Ta  alloys, [3, 5]  the 
specimens  return  to  nearly  the  same  Eoc  at  each  run,  indicating  that  no  significant 
irreversible  changes  are  occurring  during  the  surface  analysis  and  subsequent  storage. 
The  only  exception  to  this  observation  is  the  Eoc  run  of  specimen  2  of  A1-1.5W.  The 
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Kgure  3.5:  Anodic  polarization  behavior  of  Al-W  alio  ■ 

compared  to  A,-8%Mo  (average  curve,  u  ,  “  ^ 
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Figure  3.6:  Anodic  polarization  behavior  in  aerated  0.1M  KC1  for  duplicate  A1-5%W 
specimens  heat  treated  for  1  hour  at  400°C  compared  to  a  polarization  curve  for  a 
non-heat  treated  A1-5%W  specimen. 


19 


I  (*iA/cmz) 


L91 1  -8482-1 


Figure  3.7:  Anodic  polarization  behavior  in  aerated  0.1  M  KC1  for  A1-1.5%W  alloys 
heat  treated  at  400°C  for  either  1  or  24  hours. 
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Table  3.1:  Polarization  Experiments  of  Al-W  alloys 


A1-1.5W 

A1-1.5W 

A1-6W 

A1-6W 

specimen  1 

specimen  2 

specimen  1 

specimen  2 

run 

Eoc 

E  / 

Eoc 

E/ 

Eoc 

E  / 

Eoc 

E  / 

mV 

mV 

mV 

mV 

mV 

mV 

mV 

mV 

(SCE) 

(SCE) 

(SCE) 

(SCE) 

(SCE) 

(SCE) 

(SCE) 

(SCE) 

#1 

-895 

-895 

-705 

-705 

-635 

-635 

-640 

-640 

#2 

-848 

-348 

-879 

-379 

-623 

-123 

-617 

-117 

#3 

-874 

-212“ 

-915 

-250“ 

-633 

+  167 

-665 

+135 

#4 

-635 

+465 

-650 

+381“ 

#5 

-653 

+483“ 

aEP 


reason  for  this  variation  is  not  known;  however,  that  particular  specimen  was  used 
only  for  that  run  (and  as-received).  The  table  clearly  shows  the  improvement  in 
passivity  provided  by  W  additions,  with  increases  in  Ep  of  >400  mV  for  A1-1.5W 
and  >1000  mV  for  A1-6W  compared  to  pure  A1  [Ep=-690  mV  (SCE)].[7]  A  weaker 
dependence  of  E,*  on  alloy  concentration  is  also  seen,  probably  because  W  increases 
the  exchange  current  density  for  the  reduction  reaction. [7] 

The  evolution  of  the  passive  film  composition  for  the  two  different  alloys  during 
polarization  is  shown  in  Figures  3.8  and  3.9.  Selected  XPS  spectra  as  a  function  of 
overpotential  for  one  of  the  A1-6W  specimens  are  presented  in  Figure  3.10.  Several 
observations  can  be  made  from  the  data:  1)  the  composition  of  the  passive  film  is 
intermediate  between  AlOOH  and  Al(OH)3,  but  closer  to  AlOOH,  and  remains  nearly 


21 


ITT  3'8:, Surface  composition  ^  »—*  b,  xps  t 

of  applied  potential;  0  (©,  A,«,  .  A„  "  *"  A,-W  alloy  as  a 

f  all  W  species  have  been  multiplied  by 


22 


Figure  3.9:  Surface  composition  as  measur 
function  of  applied  potential:  0  (O),  Al+3(o 
and  W  *(A).  Note  that  the  concentrations  o 
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Figure  3.10:  A1 2p  and  W  4f  spectra  for  the  A1-6W  alloy  at  different  applied  potentials. 
The  dotted  curves  correspond  to  alloyed  W  or  metallic  Al;  the  dash-dotted  curves  to 
elemental  W;  the  thin  solid  lines  to  WO2;  and  the  dashed  curves  to  WO3  and  Al+3. 


constant;  2)  in  contrast  to  the  previous  alloys  investigated,  very  little  solute  is  found 
in  the  passive  film,  regardless  of  applied  potential;  3)  the  oxidized  W  is  present  as 
W02  and  WO3  (or  WO72);  4)  the  passive  film  is  thin  throughout  the  polarization 
sequence  (ranging  from  4  to  6.5  nm);  5)  metallic  W  is  also  seen  in  two  forms,  elemental 
W  (Wel)  and  alloyed  W  (W*1). 

A  passive-film  composition  of  A100H  is  in  agreement  with  results  obtained  on 
pure  A1  in  a  variety  of  electrolytes  at  near-neutral  pH’s. [15, 19, 31, 32]  It  is  an  inter¬ 
mediate  product  in  the  formation  of  A1(0H)3,  the  most  thermodynamically  stable 
phase.  [33] 

The  low  amounts  of  oxidized  W  in  the  passive  films,  as  shown  in  Figures  3.8  and 
3.9,  are  surprising  in  light  of  the  results  with  the  other  supersaturated  alloys  and  the 
superior  performance  of  the  Al-W  alloys.  Oxidized  W  is  typically  0. 1-0.2%  of  the 
passive  film  of  A1-1.5W  alloys  and  changes  little  with  increasing  overpotential.  For 
A1-6W  alloys,  more  oxidized  W  is  found  in  the  oxidized  film,  ranging  from  0.2%  to  2% 
of  the  oxide/hyroxide,  with  a  general  increase  at  higher  potentials,  especially  near  Ep. 
In  marked  contrast,  passive  films  of  Al-Mo,  Al-Cr,  Al-Ta,  and  Al-Zr  have  considerably 
more  oxidized  solute,  ranging  from  ~  5-10%  for  low-concentration  Al-Mo  alloys  up  to 
~45%  for  Al-Ta  alloys  near  Ep.[3,5]  For  these  alloys,  the  oxidized  solute  concentration 
depends  strongly  on  overpotential,  increasing  by  a  factor  of  approximately  five  from 
Eoc  to  Ep. 

The  W  in  the  passive  film  is  present  as  both  W02  and  WO3  (or  WO4 2;  we  cannot 
distinguish  between  the  two  forms  of  W+6),  as  the  binding  energies  of  Table  3.2 
indicate.  Because  of  its  low  concentration  and  overlap  with  other  peaks,  the  binding 
energy  of  the  state  identified  as  W02  was  determined  with  less  precision  than  those 
of  the  other  states;  consequently,  its  assignment  is  also  based  on  thermodynamic 
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Table  3.2:  W  4fr/2  Binding  Energies 


Compound 

Binding  Energy  (eV) 

Alloys  Standards0 

w«i 

30.5 

31.2 

31.3 

W02 

33.7 

32.9 

wo3 

36.1 

35.9 

wo;2 

35. 0-36. 36 

“Averages  from  Ref.  20. 

‘Depends  on  the  cation;  ALfWO^:  36.0  eV 


considerations.  The  two  oxidized  species  have  nearly  equal  concentrations,  on  average, 
and  exhibit  identical  trends,  which  were  described  above. 

Like  Al-Ta  passive  films,  the  ones  reported  here  remained  thin  even  at  Ep  so  that 
signals  from  the  metallic  substrate  were  readily  detectable.  We  estimate  that  the  film 
thicknesses  ranged  from  4  to  6  nm,  with  the  higher-potential  films  generally  thicker 
than  the  Eoc  films.  The  slow  growth  of  these  films  differed  greatly  from  that  of  Al- 
Mo,  Al-Cr,  and  Al-Zr  alloys,  which  grew  so  quickly  that  the  substrate  could  not  be 
detected  by  XPS  following  overpotentials  of  400-600  mV  or  higher. 

Two  metallic  W  states  are  detectable  -  elemental  W  and  a  lower-binding-energy 
state  that  we  identify  as  alloyed  W[3,34]  (Table  3.2).  As  indicated  by  Figures  3.8  and 
3.9,  the  concentration  of  W*1  is  proportional  to  that  of  metallic  A1  during  the  entire 
polarization  sequence.  On  the  other  hand,  the  ratio  between  the  Wel  and  W*1  con¬ 


centrations  generally  increases  with  increasing  overpotential  and  is  very  sensitive  to 


passive  film  thickness.  These  results  suggest  that  W*'  is  formed  as  A1  is  preferentially 
oxidized,  so  that  dealloyed  (elemental)  W  is  left  behind.  Indeed,  variable-takeoff-angle 
XPS  experiments  on  Al-Mo  alloys,  which  also  exhibit  distinct  elemental  and  alloyed 
solute  states,  indicate  that  the  elemental  state  is  concentrated  at  the  oxide-substrate 
interface  while  the  alloyed  state  is  spread  throughout  the  bulk. [3] 

For  the  Al-Mo,  Al-Cr,  and  Al-Ta  alloys,  we  proposed  that  the  enhanced  passivity 
was  achieved  by  oxidized  solute  (M0O4 2,  CrOOH,  or  Ta2Os)  which  made  the  passive 
film  more  resistant  to  chloride  attack  due  to  electrostatic  repulsion  or  modification 
of  the  oxide  structure  (Al-Mo,  see  below)[2,3,8]  or  to  barrier  layer  formation  (Al-Cr, 
Al-Ta). [3, 5]  In  some  cases,  it  also  limited  the  ingress  of  oxygen  into  the  film.  The  low 
concentration  of  oxidized  W  coupled  with  the  high  passive  current  density  observed 
for  pure  W  in  the  neutral  pH  environment  suggests  that  the  electrostatic  repulsion  and 
barrier  layer  mechanisms  are  not  valid  here.  Instead,  the  small  amounts  of  oxidized 
W  present  in  the  passive  film  interact  synergistically  with  the  hydrated  aluminum 
oxides  to  form  a  more  protective  passive  film  in  a  manner  similar  to  that  observed  for 
Cr-Mo  and  Cr-W  combinations  in  stainless  steels. [35-37]  It  has  been  postulated  that 
the  Mo-Cr  and  W-Cr  combination  of  stainless  steels  enhance  passivity  through  either 
the  formation  of  a  more  stable  oxide  layer  at  the  metal-oxide  interface  or  enhanced 
bonding  at  the  metal-oxide  interface.  The  enhanced  resistance  to  breakdown  for  the 
Al-W  alloys  is  likely  caused  by  a  reduction  in  chloride  ions  penetrating  the  passive 
film  through  to  the  metallic  substrate,  which  could  result  from  either  of  the  mech¬ 
anisms  suggested  above.  Not  only  is  chloride  ingress  restricted  for  Al-W  alloys,  but 
oxygen  ingress  is  restricted  even  more  than  it  is  for  Al-Ta  alloys.  Although  the  Al-Ta 
passive  film  thickness  is  comparable  to  that  of  Al-W,  the  buildup  of  Ta205  in  the  film 
and  elemental  Ta  at  the  passive  film-metal  interface  suggests  that  the  oxidized  A1  is 
continually  and  slowly  going  into  solution  and  the  alloy  is  oxidizing,  leading  to  a  thin 


film.  For  the  Al-W  alloys,  the  small  buildup  of  elemental  W  and  its  correlation  with 
oxide  thickness  for  Al-W  suggest  that  the  passive  film  is  more  stable  and  little  A1  is 
being  oxidized  or  dissolved. 


3.2  reflEXAFS  Measurements 

Figure  3.11  shows  potentiodynamic  polarization  curves  of  a  comparable  Al-Mo 
specimen,  the  tartaric-acid-anodized  (TAA)  pure  aluminum  specimen,  and  two  unan¬ 
odized  pure  aluminum  specimens  in  chloride  solutions.  Polarization  of  the  Al-Mo 
specimens  to  -400  mV(SCE)  corresponds  to  near  the  middle  of  their  passive  region 
and  well  above  the  Ep  of  pure  A1  or  conventional  A1  alloys  [~  -600  mV(SCE)].  In 
contrast,  anodization  in  tartaric  acid  has  negligible  effect  on  the  pitting  potential; 
the  ~50  eV  increase  is  likely  to  be  a  kinetic  effect  due  to  the  increased  thickness  of 
the  oxide  and  the  0.1  mV/s  scan  rate  of  the  experiment. 

XPS  measurements  showed  the  passive  film  to  be  4.0-  to  4.5-nm  thick  and  com¬ 
posed  predominately  of  AlOOH  with  a  smaller  amount  of  oxidized  Mo  as  Mo+4  as 
determined  by  reported  binding  energies. [3].  Little  change  in  thickness  or  composi¬ 
tion  was  observed  between  the  witness  specimens  examined  shortly  after  polariza¬ 
tion  and  the  reflEXAFS  specimens  examined  upon  return  from  NSLS.  These  passive 
films  are  somewhat  thinner  than  those  observed  previously  for  Al-Mo  alloys  at  this 
potential, [3]  but  similar  in  thickness  to  some  of  the  other  supersaturated  alloys  we 
have  investigated. [5,7,8]  Likewise,  the  passive  film  contains  less  oxidized  Mo  than  the 
previous  specimens  at  this  potential,  but  exhibits  comparable  chemistry  to  those  of 
this  thickness. 

Due  to  the  thinness  of  the  passive  film,  the  near-interfacial  region  of  the  substrate 
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Figure  3.11:  Potentiodynamic  scans  of  a)  Al-6%Mo  and  pure  A1  in  0.1  M  KC1  and  b) 
TAA  A1  and  unanodized  pure  A1  in  0.05  M  Na2S04  with  1000  ppm  Cl- 
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is  also  interrogated  by  XPS.  As  with  other  Al-Mo  specimens  and  with  Al-Cr  and 
Al-W  alloys, [3,7,8]  we  detect  two  metallic  states  -  alloyed  and  elemental  Mo.  The 
relative  amount  of  elemental  Mo  (~15%)  corresponds  well  with  that  of  other  alloys 
at  these  oxide  thicknesses.  (As  the  passive  film  grows,  the  fraction  of  elemental  solute 
at  the  interface  increases  until  it  is  the  only  detectable  metallic  state  just  prior  to  its 
signal  being  extinguished  itself  by  the  oxide.) 

The  TAA  oxide  film  was  composed  of  AI2O3  and  showed  no  evidence  of  hydration. 
As  expected  from  its  nominal  10-nm  thickness,  the  substrate  was  not  detectable  by 
XPS. 

Reflectivity  spectra  from  the  a-alumina  (corundum)  sample  are  shown  in  Fig¬ 
ure  3.12.  \(k)  signals  were  extracted  from  each  of  these  spectra  individually  and  also 
from  pairs  of  spectra  to  solve  directly  for  the  optical  constants.  Consistent  with  ear¬ 
lier  results, [38]  it  was  found  that  only  the  x(&)  data  derived  from  spectra  measured 
below  1.2°  yielded  mutually  consistent  results.  The  magnitude  of  the  Fourier  trans¬ 
form  of  data  between  k  —  30.4  and  85.6  nm"1  is  shown  in  Figure  3.13.  The  major 
peak  represents  the  oxygen- to-aluminum  first  neighbor  distance  and  the  succeeding 
peaks  represent  the  more  distant  oxygen-to-oxygen  and  oxygen-to-aluminum  shells. 

Reflectivity  spectra  from  surface  films  on  Al-7%Mo,  Al-ll%Mo,  and  TAA  alu¬ 
minum  differ  in  character  from  the  corundum  data  in  that  there  is  less  high-frequency 
information  in  the  fine  structure.  The  reflectivity  spectra  from  these  surface  films  were 
analyzed  in  the  same  manner  as  those  from  the  corundum  model  compound.  As  an 
example,  the  magnitude  of  the  Fourier  transform  for  data  between  k  =  29.6  and  85.6 
nm*1  is  shown  in  Figure  3.14. 

The  next  step  in  the  analysis  is  to  extract  near-neighbor  information.  Two  com¬ 
monly  used  methods  are  comparison  of  Fourier  transform  parameters  between  model 
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Figure  3.12:  Reflectivity  spectra  measured  from  single-crystal  corundum  at  seven 
different  reflection  angles. 
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Figure  3.13:  Magnitude  of  the  Fourier  transform  of  the  reflEXAFS  data  for  corundum, 
uncorrected  for  phase. 
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Figure  3.14:  Magnitude  of  the  Fourier  transform  of  the  data  for  the  passive  film  on 
Al-ll%Mo,  uncorrected  for  phase. 
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compounds  and  the  sample  and  theoretical  curve  fitting.  In  the  Fourier  transform 
method,  the  finite  length  of  the  data  limits  the  inversion  so  that  many  EXAFS  studies 
are  made  by  comparing  the  unknown  system  with  a  known  system,  i.e.,  a  model  com¬ 
pound.  The  widths  and  the  shapes  of  the  k-space  windows  are  as  nearly  the  same 
as  possible  in  both  cases.  The  curve-fitting  method  is  often  considered  to  be  the 
perferred  method  when  there  is  additional  information  to  assist  the  fitting;  however, 
such  data  are  not  available  in  the  present  case.  Therefore,  the  analysis  of  the  films 
formed  on  A1  and  on  Al-Mo  were  carried  out  using  the  Fourier  method  and  corundum 
as  the  model  material. 

The  nearest  O-Al  and  the  next  nearest  0-0  neighbors  in  corundum  are  shown  in 
Table  3.3.  Also  shown  in  the  table  is  the  same  information  for  boehmite  (A100H), 
gibbsite  [A1(0H)3]  and  7-AI2O3,  some  of  which  are  candidate  structures  for  the  sur¬ 
face  films  under  investigation  here.  The  a-A^Os  structure  is  rhombohedral;  the 
boehmite  structure  is  orthorhombic;  the  gibbsite  structure  is  monoclinic;  and  the 
7-AI2O3  structure  is  a  defect  version  of  a  cubic  spinel-like  structure.  In  all  of  these 
materials,  the  first  neighbor  distance  is  0.1915  ±  0.003  nm  and  the  number-weighted 
first-neighbor  coordination  is  3  or  4.  The  second  neighbor  0-0  distance  varies  no¬ 
ticeably  among  these  well-known  compounds.  Thus,  one  can  reasonably  expect  to 
find  that  the  structures  in  the  surface  films  will  vary  little  in  the  first  near-neighbor 
distance,  and  that  the  coordination  number  of  the  first  shell  would  not  be  a  helpful 
parameter  in  differentiating  among  the  candidate  structures. 

The  first  neighbor  distances  derived  for  the  Al-7%Mo,  Al-ll%Mo,  and  the  TAA 
films  are  shown  in  Table  3.4  along  with  similar  results  for  an  air- formed  oxide. [39]  No 
second  neighbor  distance  could  be  derived  from  the  data  for  the  Al-7%Mo  film.  It 
can  be  seen  that  the  structure  of  the  film  on  the  Al-ll%Mo  is  very  similar  to  that  of 
the  q-A1203  structure  (Figs.  3.13  and  3.14).  The  structure  of  the  surface  film  on  Al- 
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Table  3.3:  Calculated  Bond  Distances  about  Oxygen 


Structure 

~(0-Al) 

(nm) 

r2(0-0) 

(nm) 

2  @0.1852 

2  @  0.2523 

a-Al2t)3 

2  @  0.1972 

2  @  0.2619 

4  @  0.2724 

4  @  0.2861 

average 

4  (SB  0.1912 

12  (a  U. 27 19 

1  <9  0.1875 

3  ©  0.2525 

7-AI2O3 

3  @  0.1885 

6  @  0.2800 

3  @  0.3061 

average 

4  @  1.883 

12  '>9!  U.2797 

Ui 

AlOOH 

4  @  0.1885 

4  @  0.2498 

(boehmite) 

1  @  0.2516 

4  Q  0.2854 

2  @  0.2868 

02 

02 

2  @  0.1908 

1  @  0.2516 

2  @  0.2689 

4  @  0.2854 

2  @  0.2868 

average 

3  @  U.1893 

'  4  @  U.255U 

6  @  0.2859 

Ui 

- oi - 

Al(OH)3 

1  @  0.1768 

1  @  0.2462 

(gibbsite) 

4  @  0.2.019 

1  @  0.2605 

2  @  0.2721 

1  @  0.2752 

1  @  0.2813 

1  @  0.2991 

1  @  0.3015 

1  @  0.3166 

2  ©  0.3209 

1  @  0.3232 

O2 

02 

2  @  0.1932 

1  @  0.2514 

1  @  0.2605 

2  @  0.2721 

1  @  0.2813 

1  @  0.2835 

1  ®  0.2913 

2  Q  0.3157 

2  @  0.3209 

,  03 

O3 

1  @  0.1877 

1  ©  0.2514 

1  @  0.1946 

2  @  0.2723 

1  @  0.2752 

2  @  0.2813 

1  @  0.2913 

1  @  0.2991 

1  @  0.3157 

1  ©  0.3166 

1  ©  0.3181 

1  Q  0.3232 

average 

3  @  U.  1948 

~TWTF25W~ 

6  @  0.2820 

4  @  0.3190 
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Table  3.4:  Experimentally  Derived  Bond  Distances  about  Oxygen 


Specimen 

rj(O-Al) 

(nm) 

r2(0-0) 

(nm) 

Al-7%Mo 

0.185  ±  0.003 

— 

Al-ll%Mo 

0.189  ±  0.002 

0.268  ±  0.003 

TAA  Al 

0.188  ±  0.002 

0.281  ±  0.003 

Air-formed  native  oxide0 

0.192 

0.267 

“Ref.  39 

7%Mo  is  apparently  a  less  well  ordered  version  of  the  film  on  Al-ll%Mo,  as  evidenced 
by  the  difficulties  in  extracting  second  neighbor  parameters.  The  parameters  derived 
for  the  film  on  the  surface  of  the  TAA  sample  indicate  that  the  structure  of  this  film 
is  more  closely  related  to  7-AI2O3  than  to  a-Al203.  In  contrast,  the  native  oxide  film 
on  A1  resembles  a-Al203-[39]  It  must  be  noted,  however,  that  a  native  oxide  film  is,  by 
definition,  formed  in  the  atmosphere  and  not  in  solution;  immersion  in  an  electrolyte 
results  in  the  growth  of  a  new  passive  film[39]  that  controls  the  corrosion  properties 
of  the  specimen. 

Using  the  TAA  film  as  a  model  for  an  electrochemically  formed  oxidized  film  on 
Al,  the  reflEXAFS  results  suggest  that  the  oxidized  Mo  stabilizes  the  passive  film 
by  reducing  the  number  of  tetrahedral  sites.  The  Al-Mo  passive  film  structure  then 
resembles  that  of  a-Al203  instead  of  that  of  the  more  reactive  (or  less  stable)  7-Al203. 
Consequently,  the  passive  film  on  Al-Mo  alloys  is  more  able  to  protect  against  localized 
attack  than  the  passive  film  on  pure  aluminum  or  its  conventional  alloys. 

The  inherent  passivity  of  the  Al-Mo  specimens  is  to  be  contrasted  to  apparent 


passivity  resulting  from  slowing  the  kinetics  of  attack  and  the  particular  experimen¬ 
tal  conditions  used  to  determine  Ep.  The  latter  may  be  useful  technologically  in 
extending  service  lifetimes,  but  does  not  change  the  thermodynamic  propensity  to 
pit.  As  discussed  above,  we  have  measured  the  Ep  of  these  supersaturated  aluminum 
alloys  using  potentiodynamic  polarization  at  scan  rates  ranging  from  0.05  -  0.2  mV/s 
and  pit  initiation  tests[19,32]  and  found  little  variation  in  Ep,  indicating  that  the 
increased  passivity  is  real.  On  the  other  hand,  thick,  homogeneous  barrier  layer  oxide 
films,  such  as  TAA  oxides  prepared  at  higher  voltages,  will  slow  the  attack  of  Cl“ 
irrespective  of  oxide  structure.  In  these  cases,  increases  in  Ep  can  be  observed  in  po¬ 
tentiodynamic  polarizations,  depending  on  scan  rate,  even  though  their  equilibrium 
state  has  not  changed. 

Combining  these  reflEXAFS  results  with  the  electrochemical  and  XPS  results, [7, 40] 
we  can  infer  that  the  Mo  incorporated  into  the  passive  film  stabilizes  it  by  altering 
its  structure  to  resemble  that  of  a-Al203.  The  passive  film  then  resists  the  ingress  of 
Cl-  and  prevents  localized  attack.  Only  at  higher  potentials,  where  the  passive  film 
chemistry  (and,  presumably  structure)  change  with  the  hydration  of  the  oxidized  Mo, 
does  pitting  occur. 


3.3  Powder  Production  and  Characterization 

Two  batches  of  atomized  powders  were  produced  by  Valimet,  Inc.  The  alloys 
were  solutionized  at  700-750°C  and  atomized  at  900°C  under  helium.  They  were 
then  classified  into  <  40/im,40  —  75^m,  and  >  75/zm-diameter  particles  and  packed 
under  argon.  Based  on  the  corrosion  performance  of  cosputter-deposited  material 
both  as-deposited  and  after  heat  treatment  to  cause  precipitation,  Al-Ta  and  Al-W 
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alloys  were  chosen  as  candidates  for  bulk  material.  Nominal  solute  concentrations  of 
1  at.%  were  selected  as  a  compromise  between  corrosion  performance  and  feasibility 
of  powder  fabrication  and  compaction. 

The  first  batch  included  pure  Al,  A1-0.56%W,  and  Al-0.32%Ta.  Because  the  alloy 
powders  had  lower  concentration  than  desired,  a  second  batch  was  prepared  of  Al- 
0.85%W  and  Al-1.0%Ta.  The  latter  were  shipped  to  the  Idaho  National  Engineering 
Laboratory  (INEL)  and  are  being  dynamically  compacted  into  bulk  material  Samples 
of  both  powder  batches  were  sent  to  Martin  Marietta  for  characterization  by  SEM 
and  XRD. 

Figure  3.15  shows  micrographs  of  the  Al,  Al-Ta,  and  Al-W  powders  from  the 
first  batch.  The  pure  Al  powders  had  somewhat  irregular  shapes  and  their  surfaces 
had  a  considerable  number  of  smaller  satellite  particles.  This  morphology  may  make 
complete  compaction  more  difficult  to  achieve.  In  contrast,  the  Al-Ta  and  Al-W 
powders  were  more  spherical  in  shape  and  exhibited  much  fewer  satellite  particles. 
The  presence  of  small  precipitates  can  be  seen  on  the  surface  of  the  Al-W  powders 
and  is  indicated  by  the  XRD  results  of  Figure  3.16.  As  we  showed  above,  although 
precipitation  degrades  the  corrosion  performance  of  A- W  alloys,  they  still  demonstrate 
passivity  in  air-saturated  KC1  solutions.  Nonetheless,  the  precipitates  found  here  are 
different  from  the  WAI12  precipitates  seen  in  the  (co)sputtered-deposited  films  and 
the  effect  of  the  former  on  the  passivity  will  need  to  be  determined.  On  the  other 
hand,  no  precipitates  were  detected  in  the  Al-0.32%Ta  powders. 

Similar  particle  morphology  was  seen  for  the  second  batch  of  alloy  powders  - 
nearly  spherical  shapes  with  a  few  satellite  particles.  X-ray  diffraction  indicates 
that  the  higher  alloy  concentration  results  in  precipitation  in  both  the  Al-Ta  and 
Al-W  alloys  (Fig.  3.17).  The  precipitation  in  the  Al-Ta  powders  was  investigated  as 
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Figure  3.16:  XRD  results  for  atomized  A1-0.56%W  and  Al-0.32%Ta  powders. 
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Figure  3.17:  XRD  results  for  atomized  A1-0.85%W  and  Al-1.0%Ta  powders. 
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a  function  of  powder  size  to  see  if  smaller  particles  with  their  greater  cooling  rate 
would  be  homogeneous.  All  powders  down  to  10-30  pm  in  diameter  (the  practical 
limit  of  compaction[2,3])  showed  the  presence  of  A^Ta  precipitates,  but  at  decreasing 
concentration  in  the  smaller  sized  particles.  Again,  previous  results  with  cosputter- 
deposited  films  suggested  continued  passivity  with  heat  treatment  of  Al-Ta  alloys; 
nonetheless,  compaction  will  be  attempted  with  the  finer  particles  to  minimize  the 
second  phase. 
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4.  SUMMARY  AND  CONCLUSIONS 


Based  on  the  electrochemical,  material,  and  surface  characterizations  discussed  above, 
the  following  conclusions  can  be  drawn: 

1.  The  most  dramatic  improvements  in  passivity  that  we  have  observed  to  date 
for  nonequilibrium  alloys  have  been  for  the  Al-W  alloys. 

2.  Long  term  (greater  than  1  year)  room- temperature  storage  of  the  Al-W  alloys, 
like  that  of  all  of  the  alloys  we  have  examined  to  date  (with  the  exception  of  Cu) 
does  not  result  in  the  precipitation  of  a  second  phase,  which  could  be  detrimental  to 
corrosion  resistance. 

3.  Tungsten  concentrations  of  approximately  6%  or  more  combined  with  very 
rapid  cooling  rates  can  lead  to  the  formation  of  amorphous  alloys. 

4.  Alloy  grain  size  may  play  a  role  in  enhancing  passivity.  A  correlation  between 
enhanced  passivity  and  alloy  grain  size  was  observed  where  the  alloys  with  the  smallest 
grains  exhibited  the  best  corrosion  performance.  However,  amorphous  and  crystalline 
specimens  of  the  same  compositions  exhibited  similar  passivities. 

5.  In  the  crystalline  material,  the  addition  of  approximately  9%  W  to  A1  results 
in  positive  shifts  in  Ep  of  as  much  as  2600  mV.  At  low  W  concentrations  (1.5%),  Ep 
for  the  alloys  is  shifted  500  mV  over  that  of  pure  Al. 

6.  Al-W  alloys  heat  treated  at  400°C  form  a  second  phase  that  has  been  identified 
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as  WA112.  The  localized  corrosion  resistance  of  the  heat-treated  alloys  is  less  than  that 
of  the  one  phase  alloys,  but  performance  of  the  heat-treated  higher  W  concentration 
alloys  is  still  comparable  to  that  observed  for  the  non-heat-treated  Al-Mo  and  Al-Cr 
alloys  of  approximately  the  same  solute  concentration. 

7.  The  mechanism  of  passivity  enhancement  for  the  Al-W  alloys  is  neither  the 
barrier-layer  formation  observed  for  Al-Ta  and  Al-Cr  alloys  nor  the  electrostatic  re¬ 
pulsion  mechanism  contributing  to  the  passivity  of  Al-Mo  alloys;  instead  the  small 
amount  of  oxidized  W  in  the  Al-W  passive  film  must  somehow  synergistically  interact 
with  the  aluminum  oxides  in  the  film  to  form  a  more  protective  or  stable  passive  film. 

8.  The  passivity  of  the  Al-Mo  alloys  also  involves  a  stabilization  of  the  oxide  struc¬ 
ture  through  the  reduction  of  tetrahedrally  coordinated  sites  in  favor  of  octahedrally 
coordinated  sites.  The  resulting  structure,  although  amorphous,  resembles  that  of 
stable  a-Al203.  Only  as  the  molybdate  in  the  film  hydrates,  with  a  presumed  struc¬ 
ture  change,  does  the  alloy  pit.  A  similar  mechanism  may  also  provide  the  passivity 
of  the  Al-W  alloys. 

9.  Atomized  powders  of  low-concentration  Al-W  and  Al-Ta  alloys  can  be  produced 
albeit  with  some  precipitation.  Results  with  cosputter-deposited  Al-W  and  Al-Ta 
alloys  that  have  been  heat-treated  indicate  that  passivity  is  maintained  (at  a  lower 
level)  despite  the  presence  of  precipitates.  These  powders  will  undergo  dynamic 
compaction  and  the  bulk  material  will  be  evaluated  during  the  current  contract  year. 
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